participated in the assembly of the different components of the principal polar lipids of the chloroplast, namely the galactolipids ( their transport across envelope membranes toward other cellular compartments where further modifications of the hydrocarbon chain may occur. Several investigators have demonstrated a longchain acyl-CoA synthetase which is specifically localized in the envelope membrane (12, 14, 27) . The acyl-CoA thus formed can be either directly incorporated into phosphatidic acid on envelope membranes (12) during the initial steps of galactolipid synthesis (8) or exported to the cytosol before being transferred into phospholipids on the ER (30, 32, 38) .
However, we have shown recently (13) that the chloroplast envelope membranes also contained an acyl-CoA thioesterase. This enzyme has also been found in chromoplasts (17) . To clarify the interacting roles of acyl-CoA thioesterase and acyl-CoA synthetase, both of which are localized on envelope membranes, we have studied the formation of acyl-CoA in envelope membranes with different techniques allowing us to measure the actual rate of acyl-CoA formations. Substrates specificity and other properties of the envelope acyl-CoA synthetase will also be reported here.
MATERIALS AND METHODS

ISOLATION OF CHLOROPLASTS AND OF ENVELOPE MEMBRANES
Chloroplasts were isolated from I to 2 kg spinach leaves obtained from the local markets. Deveined leaves were homogenized for 2 s in a 4-liter Waring Blendor in the following medium: 0.3 M sucrose, 30 mm Tricine-NaOH (pH 7.6), and 0.1% defatted BSA (volume, 2 1 medium/kg leaves). A crude chloroplast fraction was obtained from the leaf homogenate as described by Douce et al. (10) . In order to avoid "microsomes" and swollen grana lamellae in the chloroplast fraction, the intact chloroplasts were purified by the usual sucrose density gradient procedure or on Percoll (9) . Envelope, stroma and thylakoids were prepared from intact purified chloroplasts as described by Douce et al. (10) . From 1 kg spinach leaves, the yield of envelope membranes was 2 to 3 mg protein.
The essential absence of both NADH:Cyt c oxidoreductase and of phosphatidylethanolamine precluded significant contamination of the envelope fraction by extrachloroplastic membranes. Furthermore, inasmuch as the Chi content of the envelope fraction was less than 0.02 ,ug/mg protein, thylakoid fragments were negligible components.
CHEMICALS
[U-'4CjAdenosine 5 (2) Adenosine can then be easily separated from the different nucleotides (AMP, ADP, and ATP) by use of a Dowex I formate column. The charged molecules were bound to the column, whereas the neutral adenosine was eluted with H20 (5, 6) . The activity of the acyl-CoA synthetase can be determined by measuring the production of I'4CJadenosine, as described by Cooper (5) for the long-chain acyl-CoA synthetase of castor bean endosperm.
The activity was routinely assayed at room temperature (20 to 23 C) in the following incubation mixture: 10 mm Tricine -NaOH (pH 8.0), [ (4) As Cooper (5) has pointed out, the addition of P-enolpyruvate and pyruvate kinase in large excess prevented the formation of ADP in the incubation mixture and the subsequent formation of AMP by a coupling of the reactions 3 and 4. The presence of large quantities of 5'-nucleotidase prevented the accumulation of AMP in the reaction mixture and the functioning of the adenylate kinase in the reverse direction. Thus, it is likely that the CoA-stimulated 114C]adenosine measured was solely derived from AMP produced by the acyl-CoA synthetase.
Method B. The second assay method for acyl-CoA synthetase was based on the property of long-chain acyl-CoA to be acid precipitable (1, 31) . The Millipore filter assay described by Polokoff and Bell (26) reaction was terminated, the free fatty acids were extracted, and the radioactivity was determined as described below for the assay of the acyl-CoA thioesterase activity.
ASSAY OF ACYL-COA THIOESTERASE Activity was routinely assayed at room temperature using palmitoyl-CoA as substrate (13) . The incubation mixture was as follows: 10 mm Tricine-NaOH (pH 9.0), 3 ,LM CoA (70,000 dpm/nmol); final volume was 400,l. The reaction was initiated by addition of the different chloroplast fractions corresponding to 30 to 40,g protein (for the envelope) or to I mg for the stroma and the thylakoids. At various times (from 15 s to 5 min), 60j,lI aliquots were taken for lipid analysis and determination of the initial velocity of the reaction. The reaction was terminated by the addition of I ml isopropyl alcohol and I ml Plant Physiol. Vol (18) . The radioactivity in the petroleum ether extract (containing the free fatty acids) and the aqueous phase (containing the acyl-CoA thioesters) was counted with 10 ml PCS/xylene (2:1, v/v) scintillation mixture (Amersham/Searle) as described above (see "Assay of Acyl-CoA Synthetase").
The reaction products were analyzed and identified as described in a previous paper (13) .
ASSAY OF ACETYL-COA SYNTHETASE
This activity has been determined in the different chloroplast fractions by using the method described by Kuhn and Stumpf (16) . The activity was assayed at room temperature in the following incubation mixture: 10 mm Tricine-NaOH, ( Termination of the reaction, extraction of free fatty acids, and determination of the radioactivity were as described above (see "Assay of Acyl-CoA Thioesterase").
RESULTS
Locaization within Chioroplast of Different Activities Associated with Acyl Tlbksters. The results presented in Table I show that a very active acyl-CoA synthetase activity was associated with envelope membranes. Regardless of the method employed to measure this activity, with oleic acid as the substrate, the specific activity of the acyl-CoA synthetase was in the range of 1.5 to 2.5 pmol oleoyl-CoA formed/h *mg protein. The ments. This acyl-CoA synthetase activity was about 10 times higher than that of the acyl-CoA thioesterase, also localized in the envelope. In contrast, acetyl-CoA synthetase and acyl-ACP thioesterase activities were found in the soluble phase of the chloroplast (Table I) , thus demonstrating that acyl-CoA synthetase and acetylCoA synthetase were distinct enzymes, as were acyl-CoA thioesterase and acyl-ACP thioesterase.
Requirements for Acyl-CoA Synthetase Activity. The complexity of measuring acyl-CoA synthetase activity when envelope membranes were incubated with ['4CJATP is shown in Figure 1 .
A significant amount of ['4Cladenosine was formed in the assay system in the absence of CoA. Furthermore, this ['4Cladenosine formation in the absence of CoA was not increased by addition of oleic acid. This activity was not related to acyl-CoA synthetase activity but to ATP hydrolysis. Figure I also With ['4Cladenosine production as the assay system, the acylCoA synthetase required both Mg2" and DTT; Triton X-100 slightly stimulated the activity in absence but mainly in presence of exogenous free fatty acids (Table II) . These Figure I and Table II , the addition of free oleic acid increased the activity of the envelope acyl-CoA synthetase.
The maximum effect was obtained with free fatty acid (either oleic or palmitic acids) concentrations above I mm (Fig. 3 ). Significant activity occurred in the absence of added fatty acids (see also Figure 4A . No significant differences were noted between the results obtained by the two procedures except in the absence of exogenous fatty acids or in the presence of lauric acid. The results show that unsaturated fatty acids were more effective than satu- The different chloroplast fractions were prepared as described under "Materials and Methods." Acyl-CoA and acetyl-CoA synthetases, acyl-CoA, and acyl-ACP thioesterases were assayed as described. When oleic acid was added to the incubation mixture, 0.5% (w/v) Triton X-100 was also added.
Acyl rated fatty acids; the velocity of the reaction increased from lauric acid to palmitic acid and the maximum velocity was obtained with unsaturated C,8 fatty acids. As already shown in Table I , the envelope acyl-CoA synthetase cannot use short carbon chains, such as acetate, as a substrate. The comparison of these results with those obtained with the acyl-CoA thioesterase (Fig. 4B) is interesting since the acyl-CoA thioesterase was more active with medium-chain acyl-CoA than with long-chain acyl-CoA.
Effect of Substrates of Acyl-CoA Synthetase on AcyI-CoA ThiXoesterase Activity. Fatty acids, and especially unsaturated fatty acids, inhibited the acyl-CoA thioesterase (13) . When the fatty acid concentration in the incubation medium reached the value where the stimulation of the acyl-CoA synthetase was approximately maximum (1 mM; see Fig. 3 ), the inhibition of the acylCoA thioesterase activity was even more significant ( Although either ATP or CoA alone did not inhibit the acyl- Table 11 . Requirementsfor Acyl-CoA Synthetase Activity Envelope membranes were prepared as described under "Materials and Methods" and assayed directly or following overnight storage at -20 C. Assays were performed as described under "Assay of Acyl-CoA Synthe- CoA thioesterase, the addition of ATP, CoA, and Mg2' (required for the function of the acyl-CoA synthetase) to the reaction medium resulted in an apparent decrease in thioesterase activity (around 70%o of the release of palmitic acid from palmitoyl-CoA (Table III) . Finally, addition of Triton X-100, up to 1% (w/v), was without effect on the envelope acyl-CoA thioesterase activity. DISCUSSION Chloroplast envelope membranes were able to synthesize longchain acyl-CoAs at a high rate from free fatty acids. Assuming that envelope membranes represent 1% of the total chloroplast proteins (7) and that, in intact chloroplasts, the ratio of protein to limiting factors for ti4Cnacetate incorporation into fatty acids.
As shown in Figure 1 and Table II , the formation of acyl-CoA was dependent on ATP and CoA; ACP could not replace CoA. However, a rather high synthetase activity was observed in absence of exogenous fatty acids ( Fig. I; (28, 29, 37) : the stimulation of acyl-CoA formation by Triton X-100 could facilitate the transport of fatty acids to the outside of the chloroplast, thus stimulating fatty acid synthesis. The envelope acyl-CoA thioesterase has been characterized previously (13) . The additional data presented here have confirmed that the acyl-CoA thioesterase differs from the acyl-ACP thioesterase since both enzymes are located in two different compartments (Table I) and, of course, both enzymes have different substrate specificities. The acyl-CoA thioesterase was not inhibited by Triton X-100 (Table III) . The presence of the acyl-CoA thioesterase on the envelope membranes could reduce the formation of acyl-CoAs. From our results, this possibility seems to be unlikely for the following reasons. (a) the activity of the acyl-CoA synthetase as measured by I14Cpadenosine formation (thioesterase independent) and by acyl-[ HjCoA synthesis (thioesterase activity would lower accumulation of acyl-CoA) was similar in both cases. The differences between the results obtained with both assays were not significant (Table II; Figs. 2 and 4A). (b) The activity of the acyl-CoA thioesterase for long-chain acyl-CoAs was at least 10 times lower than the rate of their formation in the envelope (Table I; Fig. 4, A and B) . (c) When ATP and CoA were added to the incubation medium, the formation of free fatty acids from acyl-CoA was strongly reduced (Table III) . This observation is in agreement with the suggestion of Kleinig and Liedvogel (15) that the high levels of ATP (and CoA) required for the incorporation of fatty acid into chloroplast polar lipids facilitate the acyl-CoA synthetase and diminish the thioesterase effect. (d) Furthermore, ACYL-CoA SYNTHETASE 255 the acyl-CoA thioesterase was strongly inhibited by unsaturated fatty acids (Fig. 4C ) which are the main species formed in isolated chloroplasts (23, 28) . Under these conditions, when fatty acid synthesis was active in chloroplasts, the acyl-CoA thioesterase was probably not active and free oleic acid formed in the chloroplast via the oleoyl-ACP pathway (34) was transformed very quickly by the envelope acylCoA synthetase into oleoyl-CoA which is the form used for further metabolism.
A possible role for the acyl-CoA thioesterase is suggested by its fatty acid specificity: the envelope acyl-CoA thioesterase is more active with medium-chain acyl-CoAs thanh with long-chain acylCoAs (Fig. 4B) (13) . Conversely, all the enzymes involved in the last steps of fatty acid synthesis are highly specific for Cis fatty acids: the desaturation of saturated fatty acids is specific for stearoyl-ACP (20) ; the acyl-ACP thioesterase has a 5-to 10-fold preference for oleoyl-ACP (18, 24) ; the acyl-CoA synthetase is more active with unsaturated Ci8 fatty acids (Fig. 4A) . Under these conditions, the envelope acyl-CoA thioesterase could be an ultimate control factor to prevent the transport (outside of the chloroplast) or the insertion (into chloroplast lipids) of fatty acids with carbon chains shorter than C16. A more precise localization of the acyl-CoA synthetase and thioesterase on the inner or outer envelope membrane would greatly improve the understanding of the interacting role of these two enzymes. Unfortunately, as already stated (13) , such a study is not yet possible.
